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Preface 



I t is the intent of this book to present both a theoretical and the practical 
understanding of unbalance and misalignment in rotating equipment. 
These two conditions account for the vast majority of problems with 
rotating equipment encountered in the "real world." Numerous ex- 
amples and solutions are inserted to assist in understanding the various 
concepts. 

Chapter 1 discusses vibration to provide a fundamental under- 
standing of its characteristics, which are used to determine the opera- 
tional integrity of rotating machinery. A section deals with determining 
the criticality of equipment to provide a set of guidelines as to which 
equipment needs to be more closely monitored. Finally, the chapter ends 
with a discussion of how to take and record field vibration measure- 
ments. 

Chapter 2 details the relationships between the various vibration 
characteristics to gain an understanding of the forces generated within 
operating machinery when conditions of unbalance and misalignment 
are present. 

Chapter 3 deals with resonance and beat frequencies, and details 
their sources and cures. 

Chapter 4 discusses the various forms of unbalance that can be 
present in rotating machinery. Many of these sources can be corrected 
during inspections and when performing sound maintenance practices. 

Chapter 5 presents both the single plane and dual plane methods 
of balancing rotating equipment. A discussion of which method to em- 
ploy is also presented. Also presented are methods of determining the 
correct balancing weights and how to resolve them to locations where 
they can be attached. 

Chapter 6 deals with the three circle method of balancing slow 
speed fans, where phase angles are difficult to obtain. 

Chapter 7 discusses the various types of misalignment and how to 
detect them through vibration analysis. 

Chapter 8 outlines an advanced rim and face method of precision 
alignment. Both graphical and calculator solutions are presented. Ther- 




mal growth, spool pieces, equipment trains, vertical pump equipment 
with driveshafts and the catenary effect of long shafts are presented. 

Chapter 9 presents the reverse indicator method of alignment with 
both graphical and calculator methods. Again, examples are used to for- 
tify the learning experience. 

The appendix section has several useful tables and charts to assist 
the reader in solutions to other problems. In addition, a complete set of 
procedures for fan maintenance is included as guidelines for developing 
maintenance procedures for other equipment. 

I sincerely hope the readers of this book will find it useful in solv- 
ing the everyday problems within their facilities. Your comments, sug- 
gestions, and criticism will be highly regarded. 

Robert B. McMillan, PE, CEM 
El Paso, Texas 
June, 2003 
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Chapter i 

Introduction to Vibrations 



V ibration is the back and forth or repetitive motion of an 
object from its point of rest. Simple vibration can be illus- 
trated with a mass suspended by a constant force spring, 
as shown in Figure 1-1. 

When a force is applied to the mass, it stretches the spring 
and moves the weight to the lower limit. When the force is re- 
moved, the stored energy in the spring causes the weight to move 
upward through the position of rest to its upper limit. Here, the 
mass stops and reverses direction traveling back through the po- 
sition of rest to the lower limit. In a friction-free system the mass 
would continue this motion indefinitely. 

In real situations, there is always some form of friction or 
dampening which causes the mass to not quite reach the upper 
and lower limits, and gradually lowers the motion until the mass 
returns to the position of rest. 

However, if the force were applied again, the mass would 
again move to its lower limit. By successively adding and remov- 
ing the force, the mass would continue to vibrate. Although this is 
a very simplified example, all machine parts exhibit the same 
basic characteristics. 

Upper limit 
Rest position 



Lower limit 



Figure 1-1. Simple Vibratory Motion 



Force 
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It is important to note that an external force is required to 
keep the mass in motion. All real systems are damped, that is they 
will gradually come to their rest position after several cycles of 
motion, unless acted upon by an external force. When this vibra- 
tory motion is viewed with respect to time, it is seen as a sine 
wave, as illustrated in Figure 1-2. Note that continued motion 
would only repeat the sine wave as shown. 




Upper limit 
Rest position 
Lower limit 



Figure 1-2. Generation of a Sine Wave 



Some of the characteristics of this vibratory motion are 
PERIOD, FREQUENCY, DISPLACEMENT, VELOCITY, AC- 
CELERATION, AMPLITUDE and PHASE. The sign wave 
shown in Figure 1-2 represents one complete cycle, that is the 
weight moved from its rest position to its upper limit back 
through its rest position to its lower limit and then returned to 
its rest position. Continued vibration of this spring mass sys- 
tem would only repeat the characteristics shown in this single 
cycle. 



PERIOD 

The period of the vibration, represented by the letter T, is the 
time required to complete one oscillation. That is the total time 
required for the mass to move from the rest position to the upper 
limit, back through the rest position to the lower limit, and return 
to the rest position. 
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FREQUENCY 

Frequency is the number of complete oscillations completed 
in a unit time, or simply expressed as l/T. Generally it is measured 
in either cycles per second or cycles per minute. 

In dealing with machine vibrations, it is usually desirable to 
express frequency in terms of cycles per minute, since we measure 
the rotational speed of machinery in revolutions per minute. This 
allows examination of the vibration frequency in terms of mul- 
tiples of the rotational speed. The two times rotational speed is 
known as the second harmonic, and the three times rotational 
speed is the third harmonic. 

Rotational speed is also known as the fundamental fre- 
quency. Figure 1-3 displays some of the characteristics of a simple 
vibration. 
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Figure 1-3. Characteristics of Simple Vibratory Motion 



DISPLACEMENT 

Referring to Figure 1-3, the displacement of the mass can be 
seen. The peak-to-peak distance is measured from the upper limit 
to the lower limit, and is usually measured in mils or thousandths 
of an inch (.001 inch). In the metric system, the displacement is 
measured in microns or millionths of a meter (.000001 meter or 
.001 millimeter). 

NOTE: The Appendix section contains some conversion fac- 
tors for the metric and English systems of measurement. 
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VELOCITY 

The velocity of a vibrating object is continually changing. At 
the upper and lower limits, the object stops and reverses its direc- 
tion of travel, thus its velocity at these two points is zero. 

While passing through the neutral or position of rest, the 
velocity is at its maximum. Since the velocity is continually chang- 
ing with respect to time, the peak or maximum velocity is always 
measured and commonly expressed in inches-per-second peak. 

In the metric system, vibration velocity is measured in meters 
per second peak. When expressing the vibration characteristic in 
terms of velocity, both the displacement and frequency are consid- 
ered. Remember velocity is inches-per-second, and thus the dis- 
placement [inches] and the frequency [times per second] are 
considered. 



ACCELERATION 

Again referring to Figure 1-3, the peak or maximum accelera- 
tion is shown to be at both the upper and lower limits of the mass 
travel. Acceleration is the rate of change of velocity with respect to 
time. It can also be expressed as the rate of change in distance with 
respect to time, with respect to time. That is it is the change in 
displacement with respect to time squared. Normally, vibration 
acceleration is measured in terms of G's or number of times the 
normal force due to gravity. Gravitational force has been standard- 
ized as 32.1739 feet per second per second or 386.087 inches per 
second per second. In the metric system, the standard for gravity 
is 980.665 centimeters per second per second. Once again, accel- 
eration is measured as G's peak. 

Since the vibrating object must reverse course at the peak 
displacements, this is where the maximum acceleration occurs. 
Like velocity, acceleration is constantly changing, and the peak 
acceleration is usually measured. 

The importance of measuring the vibration in terms of accel- 
eration is best understood by examining Newton's first law of 
motion: 
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F = MA (1.1) 

Where: 

M = Mass in pounds (1 pound Mass = 32.1739 Pounds) 

A = Acceleration (feet per second per second) 

F = Pounds of Force 

Note that the force of an object at rest is WG [its weight W 
times the acceleration of gravity G]. Since the standard accelera- 
tion of gravity is 32.1739 feet per second per second, mass is sim- 
ply an object's weight times the acceleration of gravity. 

Thus by measuring vibration in terms of acceleration, the 
force imparted by the vibration is also considered. It is this force 
that is important in determining the potential hazard to the ma- 
chine and its components while undergoing vibration. 



PHASE 

Phase is the position of a vibrating object with respect to 
another object at a given point in time. In the simple example 
shown in Figure 1-4, two weights are vibrating 180 degrees out of 
phase with each other. 




Figure 1-4. Phase Relationship 180° Out of Phase 
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Here, the phase angle is expressed in degrees, where there 
are 360 degrees in one cycle. Although both weights are vibrating 
in this example, it is possible to express a phase angle of a single 
vibrating weight with respect to a fixed object. Using the upper 
limit of motion as a reference point, the phase angle can be ex- 
pressed in degrees from a fixed reference point. In Figure 1-4, 
weight A has a phase angle of zero degrees and weight B has a 
phase angle of 180 degrees. 

It should also be noted that both vibrating weights have the 
same frequency, and thus will remain 180 degrees out of phase as 
long as they both are in motion. As will be seen later, this is not 
always the case. When the two vibrating weights have different 
frequencies, they will come in and out of phase with one another. 
This will result in what is known as a BEAT frequency. Generally, 
beat frequencies are minimal unless the two sources are within 20 
degrees of each other. The beat frequency is the frequency of the 
two vibrating sources coming into and out of phase with one 
another. 

In Figure 1-5, the two weights are vibrating 90 degrees out of 
phase with one another. In Figure 1-5, the two weights have the 
same frequency and will remain 90 degrees out of phase as long 
as they continue to vibrate. In Figure 1-6, the same two weights 
are shown vibrating with different frequencies. Note the resulting 
vibration when the two amplitudes are added to one another. Also 




Figure 1-5. Phase Relationship 90° Out of Phase 
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note that this vibration will produce a beat frequency. 

These characteristics of vibration are useful in determining 
the source of the vibration. 

Normally, velocity is the preferred measurement of vibration 
for machine condition monitoring, because it considers both the 
magnitude and the frequency of the vibration. This is important in 
metals that can fail from fatigue. Fatigue failures are a function of 
the amount of stress applied, and the number of times it is ap- 
plied. 

Bending a coat hanger until it breaks is an example of a low 
cycle fatigue failure. In this case, a large stress was applied over 
a relatively low number of cycles. In most fatigue failures, the 
stress applied is considerably less; however, the number of cycles 
may exceed hundreds of millions. Consider an electric motor op- 
erating at 3,600 rpm. In one year, it rotates 1,893,456,000 times. It 
becomes obvious that a small stress applied that many times could 
lead to a failure. 

Displacement measurements can be important, especially in 
low frequency vibrations on machines that have brittle compo- 
nents. That is, the stress that is applied is sufficient to snap the 
component. Many machines have cast iron frames or cases that are 
relatively brittle and are subject to failure from a single large 
stress. 

Acceleration measurements are also important in that they 




Figure 1-6. Two Sources with Different Frequencies 
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directly measure force. Excessive force can lead to improper lubri- 
cation in journal bearings, and result in failure. The dynamic force 
created by the vibration of a rotating member can directly cause 
bearing failure. Generally a machine can withstand up to eight 
times its designed static load before bearing failure occurs. How- 
ever, overloads as little as 10% can cause damage over an ex- 
tended period of time. Although this seems insignificant, it can be 
shown that small unbalances can easily create sufficient dynamic 
forces to overload the bearings. 



HOOKE'S LAW 



Referring to Figure 1-7, a metal bar is 
stretched a distance dL, by applying a weight 
W. 

Graphing the amount of stretch versus 
the amount of applied weight produces a 
stress-strain curve as shown in Figure 1-8. In 
the elastic zone, if the weight is doubled, the 
stretch is also doubled. When the weight is 
removed, the bar returns to its original 
length. 

Hooke's Law states that the amount of 
stretch, or elongation, is proportional to the 
applied force. 

Stated as an equation: 

F = (constant)(dL) (1.2) 




t 



W 



Figure 1-7. Bar 
being Stretched 
with a Weight 



However, if the force applied is too large, the metal bar will 
reach its yield point, and when the force is removed, the bar will 
have a permanent elongation. The bar was stretched beyond its 
elastic limit. 

Figure 1-9 illustrates the permanent offset caused by apply- 
ing a force beyond a material's elastic limit. Note the yield point 
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For a simple mass spring system that vibrates within the elas- 
tic limits of the spring, Hooke's Law applies and is expressed as: 

F = -kx (1.5) 

Where: 

k = the spring constant 

x = the distance from the rest position 

The minus sign in this equation indicates that the force of the 
spring is acting opposite to the direction in which the spring is 
stretched. 

If the spring were stretched from x = 0 to x = x Q work is done 
which is equal to the average force times the distance moved. The 
average force is half the maximum force and the distance is x Q . 
Therefore, the energy in the spring is: 

PE = (1 /2k x 0 )(x 0 ) = 1 /2k x 0 2 (1.6) 

The sum of the potential energy [PE] and the kinetic energy 
[KE] must remain constant and equal to the maximum potential 
energy, 1 / 2k x () 2 . Kinetic energy is the energy due to motion and 
is expressed as 1/2 mv 2 . Thus expressed in equation form: 



PE + KE = l/2k x 0 2 


(1.7) 


Substituting: 




1 /2k x 2 + 1/2 mv 2 = l/2k x Q 2 


(1.8) 


Or: 




mv 2 = k(x Q 2 - x 2 ) 


(1.9) 



Now substituting from Equation (1.1) into Equation (1.5): 

-kx = ma (1.10) 

Or: 



a = -(k/m)x 



( 1 . 11 ) 
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Equations 1.9 and 1.11 are common forms for describing 
simple harmonic motion. This is best illustrated by an example. 

Example 1.1 

A spring is stretched 1 foot with a force of 2 pounds. If a 6- 
pound weight is displaced 4 feet from the position of rest, (a) what 
is the maximum velocity, (b) what is the maximum acceleration, 
and (c) what is the velocity and acceleration when the distance is 
2 feet? 




Figure 1-11. Mass Spring System for Example 1.1 

Step 1 

First, the spring constant must be determined. Using Hooke's 

Law, 

F = -kx or -2 lbs. = (-k)(l)ft. Therefore k = 2 lbs. /ft. 

The maximum potential energy is 1 / 2 k x () 2 , or 
l/2k x 0 2 = 1/2(2 lbs. / ft.)(16 ft. 2 ) = 16 ft.-lbs. 

Step 2 

Since the highest velocity occurs when x = 0, refer to Figure 
1-3, using Equation (1.9) and substituting the provided data from 
the example yields: 

3ZWtrv J max=(21b,/ft.)(l6ft") 

Note: Mass is the weight divided by the acceleration of gravity 
(32.2 ft/ sec. 2 ). In this example, the mass is 6/32.2 or 0.1863 lbm. 
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(a) V max = 13.1 ft./sec. 

The maximum acceleration occurs when x = x Q , using Equa- 
tion 1.11: 

(b) a max = (2/0.1863)(4) = 42.9 ft./sec. 2 

When the displacement equals 2 feet, using Equation 1.9 

(c) V 2 = k(x 0 2 - x 2 )/ m = (2)(16 - 4)/ (0.1863) 

Therefore V = 11.35 ft./sec. 

Using Equation 1.11 

(d) a = (k/m) x = (2/0.1863)(2) = 21.47 ft./sec. 2 



VIBRATION AS A DIAGNOSTIC TOOL 



In the following chapters, there will be a more detailed look 
at vibration as a diagnostic tool for determining unbalance and 
misalignment in rotating machinery. In addition, beat frequencies 
and natural or harmonic frequencies will be discussed in detail. 
The mode shape for objects vibrating in their first, second, and 
third harmonic frequencies will also be presented. A great deal of 
emphasis is placed on determining what is taking place even if 
you do not have access to a vibration analyzer. 

The characteristic of a machine's vibration(s) can be used to 
identify specific problems. There are numerous causes of vibration 
in machines, but about 90% of all problems are due to unbalance 
or misalignment. Some of the other sources of vibration are: 



• Mechanical looseness 

• Bad bearings (anti-friction type) 

• Bent shafts 

• Aerodynamic forces 

• Worn, damaged or eccentric gears 



• Bad drive belts or chains 

• Hydraulic forces 

• Electromagnetic forces 

• Resonance 

• Rubbing 
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The characteristics of vibration due to unbalance and mis- 
alignment are presented in the following chapters. These include 
the frequency and the plane in which the vibration is present. 
These simple measurements can be used to determine the condi- 
tions of unbalance and misalignment. 

In general, the vibration will exist in the radial direction, axial 
direction, or both. The radial direction is usually broken up into 
the vertical and horizontal planes to better describe the character- 
istics of the vibration. 

Figure 1-12 illustrates the two basic directions of vibration of 
a machine shaft. Axial vibration occurs along the axis of the shaft, 
while radial vibration acts outwardly from the center of the shaft. 
It should be noted that the radial vibration may not be in the same 
direction at opposite ends of the shaft. One end may be moving 
vertically upward while the opposite end may be moving horizon- 
tally to the left at the same moment in time. This is known as the 
phase angle relation and will be useful in determining the cause 
of the vibration. 



Axial 



Radial 



t 




Figure 1-12. Direction of Vibration 

Phase angle relations as well as the direction of vibration are 
discussed in the chapters on unbalance and misalignment, to as- 
sist in identifying the source of the vibration. 

Figure 1-13 shows the two directions of vibration with the 
radial vibration broken down into the vertical and horizontal 
planes. 

Although a vibration analyzer is required to identify phase 
angle relations and to perform field or shop balancing of machine 
parts, many causes of vibration can be determined through in- 
spections and proper assembly techniques. 
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Figure 1-13. Direction of Vibratory Motion 



The first step in the analysis process should be the recording 
of all machine information and drawing a sketch of the machine. 

In figure 1-14, the basic data for a simple fan are recorded. It 
is important to know as many facts about a machine as possible. 
In this case, there are eight fan blades, which at 1,725 rpm would 
exhibit a first order aerodynamic problem at the blade pass fre- 
quency of 8 x 1,725 or 13,800 cycles per minute (cpm). 

In analyzing the machine above, the frequency of 1,725 cpm 




25 Ph 
1,725 rpm 




Figure 1-14. A Basic Sketch of a Fan to be Analyzed 






Introduction to Vibrations 



15 



(1 x rpm) will be important in determining both conditions of 
unbalance and misalignment. Two and three times operating 
speed should also be recorded. Note that a vibration analyzer with 
a filter is required to isolate these frequencies. 

A filter out reading should always be recorded, to assure the 
filter in readings capture all the frequencies that sum to the filter 
out reading. In addition, the filter out reading is used to determine 
the severity of the vibration. 

Prior to providing another example, the criticality of equip- 
ment needs to be discussed. There are certain pieces of equipment 
within a facility that demand more attention than others. 

The amount of effort spent on any given piece of equipment 
will be directly dependent upon its criticality factor. Although 
each facility will need to build criteria of their own, the following 
illustrates how to categorize equipment. 



IDENTIFYING CRITICAL EQUIPMENT 

When surveying a facility to determine the extent of a predic- 
tive maintenance program to be implemented on an on-going 
basis, one important factor is determining the criticality of equip- 
ment. The prioritization of equipment will assure the proper focus 
on critical items and further assure that maintenance monies are 
wisely spent. 

To evaluate each piece of equipment within the facility, the 
following chart can be used. Assign a value to each category based 
on the specific requirements of the individual company. Add the 
points scored by each piece of equipment and list them in de- 
scending order. You have now established a criticality list. 

It is important that some base line be established as a refer- 
ence point. That is, all equipment should be surveyed and their 
basic maintenance condition established. This provides the overall 
maintenance condition of the facility, and can assist in preparing 
a maintenance budget. 

During the preliminary maintenance audit, mechanical and 
electrical condition is noted as well as performance data. As an 
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example, centrifugal pumps should have a block off test run to 
determine the actual head produced. The voltage and amperes 
should be measured and the actual horsepower consumed calcu- 
lated. These data should be plotted on the pump's performance 
curve and a record maintained. 

A comprehensive listing of all equipment should be as- 
sembled, and any missing data should be requested from the 
manufacturer. Further, this will assist in determining what spare 
parts need to be carried in inventory, and what parts may be in- 
terchangeable. 



EQUIPMENT IDENTIFICATION 



No. Category Value Yes/No 



1 


Hazardous Service 


5.00 


2 


Critical to Operations 


3.50 


3 


Chain Reactive 


2.00 


4 


Expensive to Repair 


1.50 


5 


One of a Kind 


2.00 


6 


Long, Tedious Repair 


1.10 


7 


Hard to find Parts 


1.10 



Total Points 



The above form is filled out for each piece of equipment and 
then they are ranked by points. The equipment with the most 
points is the most critical and deserves the most attention. 

The above categories are further defined below: 

1. Hazardous Service 

This category of equipment can be a result of high tempera- 
ture, high pressure, high velocity or the specific material 
being handled. Caustic, poisonous, corrosive, and flammable 
materials should be considered and assigned an appropriate 
value. 
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2. Critical to Operation 

This category of equipment includes machines within the 
process that disrupt normal production. The cost for down 
time should be considered when assigning a value to this 
group of equipment. In general, this equipment has no 
backup or spare. 

3. Chain Reactive 

This category of equipment causes other machines or equip- 
ment to fail when it fails. As an example, if an oil pump 
supplying oil to the bearings of a large press were to fail, it 
could potentially cause failure of the press as well. 

4. Expensive to Repair 

This category of equipment covers machines that may be 
difficult to find parts for, parts are expensive, requires out- 
side labor, machining, special tools, etc. 

5. One of a Kind (Exotic) 

This category of equipment covers machines that are difficult 
to impossible to replace. This can be because of limited appli- 
cation, older equipment, foreign manufacture, or custom de- 
sign. 

6. Long Tedious Repair 

This category of equipment covers machines that require 
specialized labor and tools. The repair of this type of equip- 
ment may require contract labor. 

7. Hard to find Parts 

This category of equipment covers machines whose parts are 
not off-the-shelf items. Some of these parts may take weeks to 
obtain. 

The following illustrates a form filled in for an acid pump: 
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NUMBER 2 ACID INJECTION PUMP 



No. 


Category 


Value 


Yes/No 


1 


Hazardous Service 


5.00 


Y 


2 


Critical to Operations 


3.50 


Y 


3 


Chain Reactive 


2.00 


N 


4 


Expensive to Repair 


1.50 


Y 


5 


One of a Kind 


2.00 


N 


6 


Long, Tedious Repair 


1.10 


N 


7 


Hard to find Parts 


1.10 


Y 


Total Points 


11.10 





This pump would score an 11.10 out of a possible 16.2 and 
should be considered as a critical piece of equipment. Analysis of 
this pump should be performed on a minimum of a 30-day basis, 
with the results trended and reviewed by maintenance supervi- 
sors. Consideration should be given to provide all possible predic- 
tive techniques for this piece of equipment. 



RECORDING VIBRATION DATA 

When a piece of equipment is analyzed, the data should be 
recorded and kept in a file for analysis and future review. Figure 
1-15 illustrates a simple form for recording vibration data. 

In Figure 1-15, the four basic points to measure vibration are 
labeled A through D. The area for recording data has three sec- 
tions; A — axial, H — horizontal, and V — vertical. Readings should 
be taken and recorded for all the directions at the four identified 
points. 

In addition, there are locations for both filter in and filter out. 
The filter in readings should be taken at multiples of the operating 
speed. In the event the majority of the vibration is not located, the 
entire spectrum should be scanned to determine the frequency of 
the vibration. 
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Figure 1-15. Form for Recording Vibration Data 
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Examples of analyzing vibration readings are presented in 
the chapters on unbalance and misalignment. 

It is the primary intent of this book to allow technicians to 
perform simple field corrections and inspections to correct the 
majority of problems encountered. By feeling a vibrating part 
rotating at 1,750 rpm, using a screwdriver, the difference between 
1 x rpm and several times rpm vibrations can easily be deter- 
mined. 

The 1 x rpm is felt as a vibration, where the higher frequen- 
cies feel like a tingling sensation. By placing the screwdriver on 
different parts and in different directions, the shape and direction 
of vibration can be determined. 

Most often, a machine or a component will exhibit vibration 
in several directions and may be vibrating at several different fre- 
quencies simultaneously. It is important to understand the charac- 
teristics of these vibrations in order to identify the root cause. 
Various problems will exhibit different characteristics that will aid 
in evaluating the cause. These characteristics are discussed in the 
following chapters. 

These simple techniques will be used to determine the cause 
and possible corrective actions required. There is no substitute for 
experience, and the more machines felt, the more confident the 
technician. 

In Chapter 2, additional equations are presented to determine 
the forces caused by vibrating machine members. 




Chapter 2 

Developing the 
Vibration Equations 



LIST OF SYMBOLS 



Symbol 


Subject 


Units 


A 


Acceleration 


Inches per second 2 


a max 


Maximum acceleration 


Inches per second 2 


D 


Peak-to-peak displacement 


Mils 


dx/dt 


The derivative of displacement with respect to time 


dx 2 /dy 2 


The second derivative of displacement with respect to time 


f 


Frequency 


Hz 


F 


Frequency 


Cycles per minute 


G 


Acceleration of gravity 


Inches per second 2 


JT 


Pi 


3.14159 


t 


Time 


Seconds 


V 


Vertical velocity 


Inches per second 


V MAX 


Maximum velocity 


Inches per second 


CO 


Angle displaced 


Degrees 


X 


Vertical displacement 


Mils 


x 0 


Maximum displacement 


Mils 



In order to describe the characteristics of vibration, it is nec- 
essary to understand the basic trigonometric functions of sine and 
cosine. Since the vibratory motion repeats itself with respect to 
time, these functions are useful in describing the displacement, 
velocity, and acceleration associated with this type of motion. 
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THE SINE FUNCTION 



To begin, we will construct a unit circle, that is a circle with 
a radius of 1 unit. It makes no difference what units are used — 
feet, inches, meters, miles etc. — because all functional results will 
be described as ratios of whichever unit is chosen. Figure 2-1 
depicts a unit circle that is laid out from the three o'clock position, 
counter clockwise, and is so labeled. 



THE UNIT CIRCLE 



180 




Y 




270 360 



Y = SIN (a) 



Figure 2-1. Laying Out a Unit Circle 



To the right of the circle, three straight lines are drawn, one 
at zero, one a plus one (one radius), and the other at minus one 
radius. Also, along these lines are laid off 360 degrees, represent- 
ing the number of degrees in the unit circle. In Figure 2-1, the Y 
direction is vertical, or up and down the page. 

The X direction is laid off horizontally, or back and forth 
across the page. The X values will thus represent the number of 
degrees in the circle, while the Y values will represent the vertical 
distance that the end of the line representing the radius R travels 
from zero. Also note that if the radius were drawn from the center 
to the 12 o'clock position, the Y value would be plus one [+1], and 
if the radius were drawn from the center to the 6 o'clock position, 
the Y value would be minus one [-1]. 

By closely observing the unit circle in Figure 2-1, it can be 
seen if the degrees are increased from zero to 360, the end of the 
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radius line will start at zero, increase to plus one, decrease to zero, 
continue to decrease to a minus one, and finally increase back to 
zero at 360 degrees. Note that 0 degrees and 360 degrees are the 
same point [3 o'clock]. 

This is the trigonometric sine function. The sine of any angle 
is defined as the Y value divided by the radius R or [Y / R] . In this 
special case where R =1, the sine of the angle is equal to the Y 
displacement. Note that the sine is zero for both angles 0 and 180, 
while the sine of angle 90 is plus one, and the sine of angle 270 is 
minus one. 

In mathematical calculations, the sine of an angle is written 
as Sin(a), where a is the angle expressed in degrees or radians. 
Since this book uses degrees, all angles and their trigonometric 
functions are presented in degrees. 



DEGREES OR RADIANS 

There are 2 ji radians in a circle, and therefore one radian is 
equal to 180° degrees. 

Radians = Degrees x pi/ 180 (2.1) 

Or: 

Degrees = Radians x 180/pi (2.2) 

Thus the angle 27 degrees expressed in radians would be: 

27 degrees = 27 x pi/ 180 radians, or .4712388980 radians. 

When using calculators to obtain the sine or cosine of an 
angle, be sure to note whether the calculator calculates the func- 
tions in degrees or radians. If the sine function of 27 degrees was 
taken but the calculator was in radians, the answer would be .9564 
instead of the correct answer of .4540. When 27 degrees is ex- 
pressed in radians, it is .4712389. Calculating the sine of that num- 
ber would yield the correct answer, namely .4540. 
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As the vertical distance for each degree is measured and plot- 
ted against the angle, a complete sine wave is generated. Figure 2- 
2 depicts a completed plot of the sine function for a revolution. 
That is starting at 3:00 o'clock (zero degrees) and proceeding 
counter clockwise back to the 3:00 o'clock position. 



THE SINE FUNCTION 

Degrees — » Y 




Y = SIN (a) 

Figure 2-2. The Development of the Sine Function 

In general, the sine of the angle describes the elevation of the 
end of the radius for each degree of rotation. 



THE COSINE FUNCTION 

The second trigonometric function to be defined is the cosine. 
Just as the sine function was laid out using a unit circle, so will the 
cosine be defined. The cosine of an angle is defined as the radius 
R divided by the X value. Note that the cosine function is zero at 
90 and 270 degrees, plus one at 0 degrees, and minus one at 180 
degrees. 

The complete circle plot of the cosine function is illustrated in 
Figure 2-3. Note that the value of X is plotted in the vertical direc- 
tion. This was done so that the function could be plotted against 
degrees. The cosine function is abbreviated in mathematical for- 
mulas as cos (a), which is the cosine of angle a, again expressed in 
degrees. 
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For the angle a 
X = R Cos a 
Y = R Sin a 

Figure 2-4. Sine and Cosine Functions 



Example of the Sine and Cosine Functions 

Now that the first two basic trigonometric functions have 
been defined, it is useful to examine a practical use for these func- 
tions. 

Example 2.1 

If a 20-foot ladder were leaned against a building so that its 
base was 10 feet from the building, how far up the building would 
the ladder reach? 




26 



Rotating Machinery: Practical Solutions 



Referring to Figure 2-5 the length of the ladder is the radius, 
or 20 feet, and the X distance is 10 feet. Since the cosine of an angle 
is defined as X/R, it follows that: 

Cos a = X/R (2.3) 

In this example: 

Cos a = 10/20 = .5 




Figure 2-5. Using the Sine and Cosine Functions 

Using the trigonometric table in Appendix C, the angle that 
has a cosine equal to .5000 is 60 degrees. Next look up the sin of 
60 degrees, since the sine of an angle is defined as Y / R. The sine 
of 60 degrees is found to be .866025. 

Sin (a) = Y/R (2.4) 

For this example: 

Sin(60) = Y/R = .866025 
By rearranging the equation, 

Y = .866025 x 20 or Y = 17.325 feet. 




Developing the Vibration Equations 



27 



DERIVING VIBRATION EQUATIONS 

Referring to the Figure 2-6, the vertical displacement X at any 
time t can be expressed as: 

X = Xo Sin cot (2.5) 

Where: 

Sin = the sine of the angle co at time t 

co = 2jtf (2.6) 

f = 1 / 1 [frequency in cycles per second] 

Note: Cycles per second will be expressed in Hertz (Hz) 

X m ax occurs @ Sin cot) = 1; Sin cot =1 occurs at, jt/2, 3 ji/2, 5jc/2, 7k / 
2... (2n-l) Jt/2 




Figure 2-6. Basic Sine Wave 



The velocity at any time t is expressed by: 




V = dx/dt 


(2.7) 


And: 




V = X Q coCos (cot) 


(2.8) 



V max occurs @ Cos (cot) = 1; Cos cot =1 occurs at, jt, 2 jt, 3 jc, 
4 jt...njt 

Where: 

V max = Maximum Velocity, See Figure 2-7. 

Cos = cosine of the angle co @ time t 
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Maximum velocity @ tt, 2tt, 

Maximum acceleration @ rr/2, 3 tt/ 2, 5Tt/2...(n-l)n/2 



Figure 2-7. Maximum Velocity and Maximum Acceleration in a Sine 
Wave 

If the capital letter F stands for the frequency in cycles per minute, 
then: 



F = f * 60 (2.8) 

and: 

f = F/60 (2.9) 



Letting the capital letter D stand for the peak-to-peak displace- 
ment in mils, then: 

D = 2 x X D (2.10) 

and: 

X G = D/2 [D in mils] (2.11) 

X G = (.001 D)/2 [D in inches] (2.12) 

It now follows that the relation between the maximum veloc- 
ity and the peak-to-peak displacement can be expressed by the 
following equations: 



^max X 0 0) 



v _ ,001*D v 2°F 
2 60 



(inches per second) 



(2.13) 
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v D*°F 
60,000 


(2.14) 


60,000 
U ~ °p 


(2.15) 


Acceleration is the second derivative of displacement with 
respect to time, which is expressed as: 


A = dx 2 /dy 2 = X Q co 2 Sin (cot) 


(2.16) 


A max occurs @ Sin (co t) = 1; Sin (cot) = 1 @ jc/ 2, 3tt/2, 5jt/2,... 
(2n-l) jt/2 

Letting the capital letter "G" stand for acceleration in terms 
of G's, then: 


G = A/ [32.2 * 12] (inches per second per second) 


(2.17) 


G = A/386.4 


(2.18) 


G = [X 0 co 2 ]/ 386.4 


(2.19) 


X G = D/2 = [.001 * D]/2 


(2.20) 


co 2 = [2*jt*f] 2 


(2.21) 


Substituting from Equation (2.8) 




co 2 = [(2jtF / 60)] 2 


(2.21) 


Substituting from Equations (2.20) & (2.21) 




nm *n (2 * °f) 2> \ 

G = - 00 l D x 1 J / 386.4 

l 2 60 


(2.22) 


G = .014190252 * DF 2 / 1,000,000 


(2.23) 



G = .014190252 * D * [F/1000] 2 



(2.24) 
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D = [G/. 014190252] * [1000 /F] 2 (2.25) 

D = [70.47090965 * G * [1000 /F] 2 (2.26) 



Now using the above relations to build the relation of accel- 
eration to velocity: 



3 

o 

X 

II 

> 


(2.27) 


And; 




A = X G w 2 


(2.28) 


And; 




G = A/386.4 


(2.29) 


Thus: 




G = X 0 co2/386.4 


(2.30) 


G = X G co* co/386.4 


(2.31) 


And substituting from Equation (2.27): 




G = V co/386.4 


(2.32) 


G = V*(2jtf)/ 386.4 


(2.30) 


And: 




G = 2jtFV / (60 * 386.4) 


(2.31) 


Rearranging: 




G= FVjt/ 11,592 


(2.32) 


Or: 




G = FV/3,689.848201 


(2.33) 


V = 3,689.848201 * G/F 


(2.34) 



The use of these equations will transform the three forms of 
vibration characteristics to one another. 

Example 2.2 

A shaft has a peak-to-peak displacement reading of 3.4 mils 
@ 36.5 Hz. What is the velocity and what is the acceleration? 
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Using Equation 2.14: 

f = 36.5 and F = 36.5 x 60 

V = [jtDF] / 60,000 = [3.14159 x 3.5 x 36.5 x 60] / 60000 

V = .401 inches per second 
Using Equation 2.24 

G = .014190252 * D * [F/1000] 2 

= .014190252 x 3.5 x [36.5 x 60/1000] 2 
G = .2382 

Using Equation (2.18) 

A = 386.4 * G = 92.04 feet per second per second. 

If the shaft weighed 23.6 pounds, it would have a mass of: 
M = W/g = 23.6/32.2 = .7329 
F = MA = .7329 * 92.04 = 67.46 pounds. 

Thus the force generated by this vibration is almost three 
times the weight of the shaft. Using the vibration severity table at 
the end of Chapter 3, a velocity reading of .401 inches per second 
rates as rough, and some action should be taken. 

Example 2.3 

A centrifugal pump operating at 3,450 rpm shows a filter in 
vibration of .114 inches per second at operating speed. What is the 
peak-to-peak displacement? If the impeller and shaft weighs 40 
pounds, what is the force produced? 

Using Equation (2.15) 

D = 60000 x .114/(3.14159 x 3450) = .63 mils peak-to-peak 
The mass of the rotating element is 40/32.2 = 1.24 pounds mass. 
Using Equation (2.33) 

G = 3450 x .114/3689.8484201 = .1066 
The force generated is: 

F = 386.4 x G = 368.4 x .1066 = 41.19 pounds force. 
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Thus the force generated by this vibration is almost three 
times the weight of the shaft. Using the vibration severity table at 
the end of Chapter 3, a velocity reading of .401 inches per second 
rates as rough, and some action should be taken. 

Example 2.3: 

A centrifugal pump operating at 3,450 rpm shows a filter 
in vibration of .114 inches per second at operating speed. What is 
the peak-to-peak displacement? If the impeller and shaft weigh 40 
pounds, what is the force produced? 

Using Equation 2.15 

D = 60000 x . 114/(3.14159 x 3450) = .63 mils peak-to-peak 
The mass of the rotating element is 40/32.2 = 1.24 pounds 
mass. 



Using Equation 2.33 

G = 3450 x . 114/3689.8484201 = .1066 
F = 386.4 x G = 368.4 x . 1066 = 41.19 pounds force. 




Chapter 3 

Resonance and 
Beat Frequencies 



RESONANCE 

T o have a better grip on operating equipment, it is necessary 
to understand resonance and beat frequencies. All ma- 
chines and machine components act like a spring-mass sys- 
tem. They vibrate due to some external force acting upon them. 
The vibration can either be free vibration or forced vibration. Fig- 
ure 3-1 illustrates free vibration. 




Figure 3-1. Free Vibration 

Free vibration is simply an object vibrating at its natural or 
resonant frequency. In the figure above, the mass was displaced to 
the top of its motion and released. It vibrates at its natural fre- 
quency. Since no additional external force is added, the amplitude 
of the vibration decreases gradually with time. 

One characteristic of a vibration occurring at a natural fre- 
quency is that very little force is required to maintain the vibra- 
tion, as compared to the force required to maintain a vibration at 
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a frequency other than the natural frequency. 

If the applied force is exactly in phase with the natural fre- 
quency, the amplitude will increase dramatically. This is true even 
if the force is relatively small. 




Figure 3-2. Vibrating at Natural Frequency 

Two factors influence the natural or resonant frequency of an 
object, its mass and its stiffness. For a given object, adding mass 
lowers its natural frequency, and increasing the stiffness of an 
object increases its natural frequency. 

Example 3.1 

A 20-pound object vibrates at its natural frequency of 25 Hz. 
It is decided to add 5 pounds to the object to change its natural 
frequency. What will be the resulting new natural frequency? 

The object originally has a mass of 20 / 32.2 or .62111 pounds. 
Its new mass will be 225 / 32.2 or .77639 pounds. The original fre- 
quency can be described by: 

f = l/(2jt(m/k)- 5 (3.1) 

Rearranging to solve for the constant k: 

k = m (2jtf ) 2 (3.2) 

Since the original frequency was 25 Hz and the original mass 
was .62111 pounds, using Equation (3.2) yields k = 15,325 lb. /ft. 
Now, using the constant k and the new mass, and substituting into 
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Equation (3.1) yields f =22.36 Hz. This is only a 10.6% change in 
frequency for a 40% increase in mass. 

In most cases, adding mass to a component is not practicable 
and the component must be stiffened. 

Example 3.2 

In the system described in Example 3.1, the stiffness of the 
object is increased by welding a bracket in place. The bracket 
weighs 1 pound and increases the stiffness to 28,750 lb. /ft. What 
is the resulting new natural frequency? 

The new mass is 21/32.2 or .6522 pounds. Using the new 
mass and the new constant k, and substituting into Equation (3.1) 
yields f = 33.42 Hz.. 

This change in the stiffness resulted in a 33.68% change in the 
natural frequency of the object. This frequency change would be 
adequate to keep the object from being excited by an external force 
at 25 Hz. 

Of course, the best way to solve the situation is to remove the 
source of the original vibration. Generally, the vibrating source is 
operating at a fixed speed and a significant reduction in its driving 
force cannot be accomplished. Vibration isolators or additional 
dampening can sometimes be added. 

Most vibrations in machine elements are of the damped type 
as illustrated in Figure 3-3. Although most parts do not have damp- 
ers or shock absorbers attached to them, contact with other compo- 
nents of a machine has the effect of dampening the vibration. 



DAMPED VIBRATION 




Figure 3-3. Damped Vibration 
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When a machine is in operation, there are normally many 
external forces that act upon the machine components. These re- 
petitive forces are responsible for the vibration to appear as 
though it were free and not dampened. If one or more of these 
forces occurs at or near the natural frequency of one of the com- 
ponents, it will vibrate with an increased amplitude. 

Resonant frequency in shafts or rotors is often referred to as 
a critical speed. Criticals are often experienced as a machine comes 
up to operating speed. This is often true for high-speed machines, 
which may pass through one or more criticals before reaching 
operating speed. 

The first critical is simply the natural or resonant frequency 
of the vibrating element. There are also multiples of this natural 
frequency called the second harmonic, third harmonic, etc. These 
are also referred to as the second critical and third critical, etc. 

Figure 3-4 shows the wave shape of a component vibrating at 
its natural frequency. 



Simply Supported 




Figure 3-3. First Critical Vibration 

Note the different shape of the wave for the simply sup- 
ported component versus the cantilever or overhung component. 
Even without a vibration analyzer, feeling along the length of a 
component undergoing vibration at one of its critical frequencies, 
resonance can be detected. For the simply supported component, 
if the vibration is the highest at its midpoint, and decreases as 
either end is approached, the component may be vibrating at its 
natural frequency. 

The cantilevered or overhung component will have its high- 
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est amplitude at its unsupported end. Simply marking the location 
of the highest perceived amplitude on a component with a felt 
marker can assist in determining the mode of the vibration. 

If the frequency were to continue to increase above the natu- 
ral or fundamental frequency, it would first decrease, and then 
increase as it approaches the second harmonic of the component. 

At the second harmonic, the component again vibrates freely 
and the amplitude increases dramatically. The overall amplitude 
of the second harmonic is not as great as the amplitude of the first 
harmonic, but the frequency is twice as great. 

Figure 3-5 depicts components undergoing second harmonic 
vibration. 



Simply Supported 




Overhung 




Figure 3-5. Second Flarmonic Wave Forms 

By examining Figure 3-5, it is easy to visualize what the third, 
fourth, and fifth harmonic would look like. 




Figure 3-6. Wave Length 

Letting (A) represent the length of the wave, a system in reso- 
nance would have wavelengths of: 



A 



2L/n 



(3.3) 
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Where: 

L = length 

n = 1,2,3,4... 

The velocity of the wave can be expressed as: 

v = a (3.4) 

Since the speed of compression waves is related to density 
and the elasticity of a material, the velocity may also be expressed 
as: 



v = (E/p)- 5 (3.5) 

Where: 

E = Modulus of elasticity 
p = Mass density 

This equation states the velocity is equal to the square root of the 
modulus of elasticity divided by the mass density. 

In Figure 3-7, a simply supported pipe is vibrating at its 
natural frequency. Note that at the two supports, the amplitude is 
zero. These are referred to as node points. In this case, the center 
has the greatest amplitude and is referred to as an anti-node. 



L 




Figure 3-7. Pipe Vibrating at its Natural Frequency 



Example 3.3 

The pipe in Figure 3-7 was struck near its center and was 
found to vibrate at a frequency of 2 Hz. The distance between 




Resonance and Beat Frequencies 



39 



supports was measured to be 12 feet. What is the velocity of the 
wave? What frequencies should be avoided so that the pipe will 
not resonate at its natural frequency or one of the first three har- 
monics? 

Step 1. Since the pipe is vibrating at its first harmonic, n = 1, and 
substituting into Equation (3.3), A = 24 feet. From Equation (3.4), 
the velocity is found to be v = (24)(2) = 48 feet per second. 

Step 2. By rearranging Equation (3.4) f = v/A. The second har- 
monic A 2 = L, and then the third harmonic A 3 = 2L/3. Therefore, 
the second harmonic frequency is 96 Hz. and the third harmonic 
frequency is 144 Hz. Thus the three frequencies to be avoided are 
48 ±10%, 96 ±10%, and 144 ±10% Hz. 

If a frequency near these existed, consideration should be 
given to relocate the distance between pipe supports. Obviously, 
the distances 6 feet and 4 feet should be avoided. 

Example 3.4 

A steel shaft is simply supported with 4 feet between sup- 
ports. The shaft is struck at its end and allowed to vibrate freely. 
What should be the recorded frequency? 

Step 1. Since steel weighs 480 pounds per cubic foot, the mass of 
a cubic foot is (480/32.2 x 12))/ 1728 or .00071888 pounds mass per 
cubic inch. The modulus of elasticity for steel is approximately 30 
x 10 6 . Using Equation (3-5) the velocity is found to be 17,023.5 
inches per second. 

Step 2. Since the shaft is vibrating at its first critical or natural 
frequency, A = 2L. Since L equals 4 feet, A = 8 feet or 96 inches. 
Rearranging Equation (3-4), f = v / A or the frequency anticipated 
is approximately 177.3 Hz. 

For a machine, or machine component, vibrating at resonance 
or one of its harmonics, there are only three basic methods that 
can be employed to correct the vibration. 
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1. First, the external force that is exciting the component or 
machine can be eliminated or its frequency changed. This 
may not be practical in many cases since most equipment 
must operate at some given speed. 

2. Second, by adding or removing mass. Usually, mass changes 
must be significant to alter the natural frequency sufficiently 
to eliminate the vibration. 

3. This leaves altering the stiffness of the component. Care must 
be exercised when altering the stiffness of a component or 
machine, so that its strength is not also effected. Altering the 
location of support members will alter the effective length 
and alter the resonant frequency. This is usually a good 
choice for piping systems or other long, slender members. 
Use caution so as not to place a support at a location which 
will create other harmonics — i.e., 1/2, 1/3, etc. 

It is always best to remove or at least decrease the source or 
driving force of one or more of the vibrations. 

The easiest way to measure the natural frequency of an object 
is to first remove all sources of excitation. Next, the object is struck 
and allowed to vibrate freely. Using a vibration instrument, the 
frequency is recorded. The largest amplitude measured with a fil- 
ter in reading will be the natural frequency. 



BEAT FREQUENCIES 

Beat frequencies are vibration frequencies caused by two or 
more vibrating sources that are vibrating at slightly different fre- 
quencies. The resultant beat frequency is the difference in the two 
sources. 

Example 3.5 

A machine is found to produce a vibration at a frequency of 
1,275 Hz. A second machine nearby produces a vibration at 1,280 
Hz. What is the resulting beat frequency? 
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Step 1. If at time zero, both machines were in phase, that is they 
were both at the maximum amplitude, the resulting beat would be 
at its maximum. After 1 / 10 th of a second, the first machine would 
have completed 127.5 cycles and be at a minimum, while the sec- 
ond machine would have completed 128 cycles and be at a maxi- 
mum. If the two amplitudes were equal, the vibrations would be 
180 degrees out of phase and thus cancel each other. At l/5 th of 
a second, the first machine would have completed 255 cycles and 
the second machine 256 cycles. Both machines would now be at a 
maximum and the amplitudes would add together. 

It can be seen that at time l/10 th , 3/ 10 th , 5/ 10 th ... will pro- 
duce minimums while 2 /10 th , 4 / 10 th , 6 / 10 th . . . will produce mini- 
mums. Thus the beat frequency is produced at 5 Hz. Note that this 
is the difference in the two original frequencies. 

A component that is vibrating close to its natural frequency 
or one of its harmonics can exhibit beat frequencies as well. The 
beat frequency is the result of the two amplitudes coming in and 
out of phase with one another. When they are in phase, their 
amplitudes are added together; when they are out of phase, they 
subtract from one another. 

The result is a beat frequency with an amplitude greater than 
either contributing source, and a frequency that is comprised of 
the multiple vibration amplitudes adding and subtracting from 
one another. The frequency of the wave form depends on ampli- 
tudes, frequency and phase angle of the contributing sources. 

A simple beat frequency is shown in Figure 3-8, where two 
vibrating sources of different frequencies, amplitudes, and phase 
angles are contributing to the beat wave. Beat frequencies come 
into and out of phase as the contributing waves add and subtract 
from one another. Note that the composite wave is not a perfect 
sine wave as are the contributing sources. 

The actual frequency of a beat is the sum of two or more 
vibrating sources adding and subtracting from one another as il- 
lustrated in Figure 3-8. They can be eliminated by either removing 
one or more of the sources of vibration, or changing the frequency 
of one or more of the sources. 
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Time 



Figure 3-8. Beat Frequency 

If a part vibrates within 10% of its natural frequency or one 
of its harmonics, it may be subject to a beat frequency as well, 
even though there appears to be no second vibrating source. 

In general, beat frequencies can be easily detected since they 
come in and out of phase, causing the vibration amplitude to in- 
crease and then appear to go away. Beat frequencies can excite the 
natural frequency of one another, or perhaps a third member will 
go into resonance. 

Careful analysis will assist in determining the best way to 
eliminate problems with beat frequencies. 




Chapter 4 

Vibration 
Due to Unbalance 



INTRODUCTION 

U nbalance is the most common source of vibration in rotating 
equipment. Vibration due to unbalance occurs at a fre- 
quency of 1 x rpm of the unbalanced element, and its am- 
plitude is proportional to the amount of unbalance. Normally, the 
vibration signal is measured in both the vertical and horizontal 
planes. With a simply supported rotating element, that is a bear- 
ing at both ends of the shaft, the vibration due to unbalance will 
be in the radial plane with very little vibration sent in the axial 
direction. In the case of an over hung rotor, high axial vibrations 
may occur, and the amplitude in the axial plane may equal those 
measured radially. See Figure 4-9. 

The force generated by unbalance can be expressed as: 

F = 1.774 * (rpm/1000) 2 * in-oz. (4.1) 

Where: 

F = Force in pounds. 

rpm = is the rpm of the unbalanced element, 
in-oz. = inch ounces of unbalance. 

NOTE: An inch-ounce of unbalance is simply the amount of un- 
balance weight in ounces times the distance from the center of 
rotation, expressed in inches. Thus an inch-ounce can be a one- 
ounce weight at one inch from the center of rotation, or a tenth of 
an ounce at ten inches from the rotational center. 
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Rotating elements tend to rotate about their center of gravity, 
unless they are constrained. In a machine element, the center of 
rotation and the center of gravity should be the same. When they 
are not, vibration due to unbalance will result. 



TYPES OF UNBALANCE 

Unbalance can be of four basic types, static, couple, quasi- 
static and dynamic. Static unbalance is shown in Figure 4-1. 

STATIC UNBALANCE 

r Center of Rotation 

Unbalance 




Centerline of the Shaft 



Figure 4-1. Static Unbalance 

Static unbalance is defined as an unbalance where the center 
of rotation is displaced parallel to the geometric center of the ro- 
tating element. If the element were placed on knife-edges, it 
would rotate until the heavy spot was on the bottom. 

With a statically unbalanced element rotating, the amplitude 
and phase of the vibration at both ends of the shaft would be the 
same. This static unbalance can be easily corrected by adding or 
removing the proper amount of weight as long as it is done in the 
proper plane. Figures 4-2 and 4-3 show the proper way to balance 
a pure static unbalance. 

In Figure 4-2 a single weight equal to the unbalance is placed 
exactly in the same plane as the unbalance and exactly 180 degrees 
away. This brings the rotational center and the center of the shaft 
in-line. 
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CORRECTING STATIC UNBALANCE 




— Correction Weight 



Figure 4-2. Correcting Static Unbalance 



In Figure 4-3, two equal weights that equal the weight of the 
unbalance are placed equal distances from the unbalance and 180 
degrees away. This also causes the rotational center to align with 
the center of the shaft. 

The correction used in Figure 4-4 results in another type of 
unbalance, couple unbalance. Couple unbalance is defined as the 
condition of unbalance where the element's center of rotation 
passes through the element's geometric centerline at the element's 
center of gravity. 



CORRECTING STATIC UNBALANCE 




Figure 4-3. Correcting Static Unbalance with Two Weights 
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CORRECTING STATIC UNBALANCE 




Static Unbalance Weight 
Unacceptable 



Correction Weight 



Figure 4-4. Creating a Couple Unbalance 



Although the correction weight is equal to the unbalance and 
is placed 180 degrees away, it is not in the same plane. The piece 
is statically balanced, but when rotated the two weights act in 
different planes causing couple unbalance. 

Couple unbalance is illustrated in Figure 4-5. Note that even 
though the shaft is statically balanced, the element would tend to 
wobble about its center when the shaft is rotated. Both ends of the 
shaft would vibrate with the same amplitude, but be 180 degrees 
out of phase. 



COUPLE UNBALANCE 



t 



FORCE 




Figure 4-5. Forces in Couple Unbalance 
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Unlike static unbalance, couple unbalance cannot be detected 
by placing the element on knife-edges. Thus a couple unbalance 
can only be detected with the element rotating. The element is 
essentially statically balanced. A couple is basically two equal 
forces acting in opposite directions, and through two different 
planes. Again, unlike static unbalance, couple unbalance cannot be 
corrected in a single plane, but rather it requires corrections to be 
made in two or more planes. In only a few cases will either pure 
static or pure couple unbalance be detected in machinery. Most 
often it is a combination of both. These combinations are classified 
as dynamic and quasi-static unbalance. Figure 4-6 shows quasi- 
static unbalance. Note that the quasi-static unbalance is made up 
of a static unbalance and a Couple unbalance. 

QUASI-STATIC UNBALANCE 




Figure 4-6. Quasi-Static Unbalance 

Quasi-static unbalance is the condition of unbalance where 
the center of rotation intersects the element's geometric centerline, 
but not at its center of gravity. Quasi-static unbalance can be de- 
tected by the amplitudes of the vibration being very different at 
each end of the shaft, and being out of phase by approximately 
180 degrees. Once again, this type of unbalance must be corrected 
in two or more planes. 

The fourth type of unbalance is dynamic unbalance and is the 
most common type encountered in machinery. Dynamic unbal- 
ance is defined as unbalance where the axis of rotation does not 
coincide or touch the element's geometric centerline. Dynamic 
unbalance is depicted in Figure 4-7. 
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DYNAMIC UNBALANCE 




Figure 4-7. Dynamic Unbalance 

Dynamic unbalance most often exhibits different amplitudes 
of vibration at each end of the rotating element. In addition, most 
often it will exhibit phase angles that are neither in phase nor 
directly opposite from one another. This type of unbalance must 
be corrected in two or more planes. 

Many of the conditions that cause unbalance in rotating 
equipment are the result of assembly in the field and / or mainte- 
nance and repair practices. Most of these conditions can be 
avoided, once they are understood. When a piece of equipment is 
to be worked on, it pays to have a complete understanding of how 
each part of the equipment was originally balanced, and in some 
more critical applications, how it was assembled. 

Example 4.1 

Assume a centrifugal compressor wheel was balanced on a 
dynamic balancing machine and was assembled with its key way in 
the 12 o'clock position. Later when it was reassembled in the field, 
it was assembled with the keyway in the 6 o'clock position, causing 
the wheel to be assembled five hundredths of a thousandth of an 
inch from its true center (.00005"). The rotor weighed 20 pounds 
(320 ounces) and was turned by a Solar Saturn Gas Turbine at 
23,200 rpm. What force was generated due to unbalance? 

Step 1. This assembly error would result in the center gravity of 
the rotor being five hundredths of a thousandth of an inch 
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(.00005") from its balanced position to its field assembly position. 
Thus the inch-ounces of unbalance was 320 x .00005 = .016. Using 
formula (4.1) yields F = 1.774 x (23200/ 1000) 2 x .016 = 15.2 pounds 
of force. That is over 75% of its weight! 

Although most of the equipment does not rotate at that high 
an rpm, much of the more common electric motor driven equip- 
ment does operate at 3,450 or 1,750 rpm. 

Example 4.2 

Steel weighs approximately 485 pounds per cubic foot or 
about 4.49 ounces per cubic inch. If an electric motor had a 3-inch 
shaft and rotated at 3,450 rpm, and had a 1/2" x 1/2" x 3" key way 
that was not filled with key material, how much force would be 
generated? 

3,450 RPM 



Missing Key 
Material 



3" Dia. 




Figure 4-8. Example of Missing Key Material 

Step 1 . The missing key material is .75 cubic inches which weighs 
approximately 3.37 ounces. The center of mass for the key material 
would be 1-1/4 inches from the motor centerline. Thus 4.21 inch- 
ounces of unbalance would be present. Using the formula below 
to determine the force, 

F = 1.774 x (3450/1000) 2 x 4.21 = 88.89 pounds of force. 

Although most machines' bearings can withstand loads of up 
to eight times the normal static load, for a short period, it can be 
easily seen that the life of these parts will be greatly reduced. 
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SOURCES OF UNBALANCE 

Most electric motor manufacturers standardize on balancing 
their rotating elements with the entire keyway filled with a half 
key That is the shaft is totally filled. Coupling manufacturers 
practice the same procedures when balancing their couplings. 
When assembling these two elements, an L-shaped or T-shaped 
key must be used to maintain the original balance. Using the ex- 
ample above and viewing Figure 4-8 will illustrate the problems 
with not using the proper key during assembly. 

As the person responsible for maintenance and repairs, it 
should be your goal to assure all possible sources of unbalance are 
inspected and corrected if necessary. The less vibration a machine 
has, the less stress it will be subjected to, and the longer it will 
survive. Equipment with a history of coupling, bearing, or seal 
failures should be inspected for sources of unbalance. 

Figure 4-9 shows some of the more common sources of un- 
balance associated with coupling installation. Any of these condi- 
tions can lead to premature failure of bearings, couplings, or seals. 




Figure 4-9. Sources of Unbalance 

As in all maintenance activities, cleanliness is of extreme im- 
portance in maintaining the inherent balance of rotating machinery. 
A small particle of dirt and subsequent component failure. 
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When performing maintenance activities, care should be 
taken to clean all buildup of dirt and debris from rotating compo- 
nents, such as fan blades. Uneven buildup will result in an unbal- 
ance that will lead to early failure of bearings and seals. 

Example 4.3 

A 6-foot diameter nodular iron flywheel weighs 8,634 
pounds, and is assembled onto an engine's crankshaft with bolts 
in a 12-inch circle. During assembly, a piece of debris .001-inch 
thick wedges between the flywheel and the crankshaft. The unit 
operates at 300 rpm. How much force is generated as a result of 
this misalignment of the flywheel? 

A cross-sectional view of the flywheel is shown in Figure 4-10. 



QUASI-STATIC UNBALANCE 




Figure 4-10. Cross-sectional View of the Flywheel 

Step 1. The weight of the flywheel is displaced .001" from the 
center, thus the unbalance in inch-ounces is U = 8634 x 16 x .001 
= 138 inch-ounces. The unbalance force is F = 1.774 x (300/1000) 2 
x 138 = 139.8 pounds. 

The above example illustrates that even low rpm machinery 
can have excessive forces due to unbalance. However, the higher 
the rpm the less the unbalance that can be tolerated. 

Vibration due to unbalance occurs at a frequency equal to the 




52 



Rotating Machinery: Practical Solutions 



rotational speed [1 x rpm] of the rotating element, and has an 
amplitude proportional to the amount of unbalance. The vibration 
will be largest in the radial direction, and only a single-phase 
mark will be present. 

Equipment with overhung rotors may exhibit high axial vi- 
brations due to unbalance. See Figure 4-11. 



SIMPLY 

SUPPORTED OVERHUNG 



Figure 4-11. Types of Support for Rotating Elements 
Example 4.4 

An electric motor driven pump operates at 1,750 rpm and a 
velocity reading taken on the inboard motor bearing was .106 
inches per second. The motor's rotor weighs 24 pounds. If the 
vibration was due to a missing piece of key material in the cou- 
pling, what was the unbalance force? If the key way was 1/2" x 1/ 
2," how long was the missing key if the motor shaft was 4 inches 
in diameter? 

Step 1. The velocity reading needs to be converted into accelera- 
tion and then into the force. Using Equation (2.33), G = F*V / 
3,689.848201. Since the vibration was due to unbalance, it was 
occurring at 1 x rpm or at a frequency of 1,750 cycles per minute. 
Thus, F = 1,750 cpm. Now, G = 1750 * .106/3689.848201 = .0527, 
and A = 386.4 * G = 386.4 * .0527 = 19.42 feet per second per sec- 
ond. 

Step 2. The mass of the rotor is W/g = 24/32.2 = .745 pounds 
mass. F = MA = .745* 19.42 = 14.47 pounds force. Now the force 
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due to unbalance is expressed as F = 1.774 * (rpm/1000) 2 * in-oz. 
Here, the inch-ounces of unbalance is to be determined, so rear- 
ranging the equation, in.-oz. = F/ 1.774 * (rpm/1000) 2 in.-oz. = 
14.47/ (1750/ 1000) 2 = 4.72 inch-ounces of unbalance. 

Step 3. The center of the missing key material would be at a ra- 
dius of 1-3/4 inches, thus the missing material would weigh 
16.54/1.75 or 2.7 ounces. Steel weighs approximately 4.49 ounces 
per cubic inch, therefore the missing material would be 2.7/4.49 or 
.6 cubic inches. Since the key is 1/2 x 1/2, the missing portion 
would be 1/2 x 1/4 or 1/8 ounce per inch of length. The length 
of the missing material is .6/. 125 or 4.8 inches. 

In the case of electric motors, measure the amplitude and 
then turn off the power. If the vibration disappears immediately, 
the problem is most likely electrical. However if the amplitude 
decreases with the decrease in speed of the motor, check for bal- 
ance and / or misalignment. 

There are a number of published vibration severity charts 
that give guidelines as to how much vibration is too much. One 
major pitfall of using these guidelines is the relationship of the 
weight of the rotating element to the total equipment mass and 
stiffness. 

A small rotating element in a massive machine that is well 
anchored may not exhibit severe vibration when readings are 
taken on the machine frame. Some vibration analyzer compa- 
nies provide shaft riders which allow the vibration probe to be 
placed against the rotating shaft to obtain a more accurate read- 
ing. 

Regardless of the method employed, it is obvious that the 
smoother a part runs, the longer the life of the equipment. Many 
conditions of unbalance are best left to shop balancing rather than 
field corrections. However, there are many conditions of unbal- 
ance that can be recognized and corrected during routine mainte- 
nance. Cleanliness and attention to detail can avoid many of these 
situations. 
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Table 4-1. Vibration Severity 


Classification 


Velocity (ini sec.) 


Very rough 


Above .628 


Rough 


.314 


Slightly rough 


.157 


Fair 


.0785 


Good 


.0392 


Very good 


.0196 


Smooth 


.0098 


Very smooth 


.0049 


Extremely smooth 


Below .0098 




Chapter 5 

Field Balancing 



INTRODUCTION 

U nbalance is present to some extent in all rotating equip- 
ment, and has been found to be the most common source 
of vibration encountered. Field balancing of rotating equip- 
equipment depends on identifying the type of unbalance and then 
applying the correct balancing procedure. Single plane balancing 
is only successful in conditions where the unbalance is pure static. 
Other forms of unbalance will require two or more planes of cor- 
rection. 

Dual plane balancing will be required for the majority of 
equipment. A method of dual plane balancing is discussed later in 
the chapter. 

Typical of the types of equipment that can be balanced by the 
single plane method are fin-fans and cooling tower fans. For a part 
to be successfully field balanced, two conditions must be met. 
First, the rotating part must be out of balance, and second, the 
required changes in weight must be able to be made to the rotat- 
ing part. 

The following single plane method of field balancing as- 
sumes the use of a vibration analyzer that has a strobe light to 
identify the phase angle. Another single plane balancing method 
that only requires amplitude will be discussed later. 

Balancing a piece of equipment with it mounted and operat- 
ing in its normal position is called in-place or field balancing. For 
much equipment, in-place balancing has many advantages over 
shop balancing. These include less cost; elimination of possible 
damage due to disassembly, transportation and reassembling; and 
extensive down time. Some machines, due either to their high 
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speed or to the class of tolerable vibrations, will require precision 
shop balancing. 

Balancing in-place is a very straightforward process, and in- 
volves following only a few simple rules. Unbalance is defined as 
an unequal distribution of mass about a rotating center point. 
Unbalance is further defined by International Organization of 
Standards (IOS) as, "That condition which exists in a rotor when 
vibratory force or motion is imparted to its bearings as a result of 
centrifugal forces." Unbalance will result in the vibration of the 
rotating part and its supporting bearings and associated support 
members. 

Balancing is the process of identifying the amount and loca- 
tion of a heavy spot on a rotating part, and then removing or 
adding the correct amount of weight at the correct location to 
cancel the centrifugal forces caused by the unbalance. The amount 
of unbalance that exists is determined by the amplitude of vibra- 
tion of the rotating part. The location of the unbalance is deter- 
mined with the use of a strobe light to identify a phase location 
with respect to any existing reference point on the rotating ele- 
ment. 

SINGLE PLANE BALANCING 

The strobe light is configured to trigger on the vibration sig- 
nal, at its peak. This point corresponds to the location of the heavy 
spot at some time in the rotation cycle. The exact location of the 
phase reference point is of no consequence in the beginning. 

Next, a trial weight is attached to the rotating member, and 
its location, amount and distance from the center of rotation are 
noted. By adding the trial weight, the location of the resultant 
heavy spot will be altered. Thus, the amplitude of the vibration 
and its phase location will have been altered. 

When a weight is added to a perfectly balanced rotating el- 
ement, it will vibrate at a frequency equal to the rotating speed of 
the element and have an amplitude proportional to the unbal- 
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anced weight. A reference mark for phase will appear to stand still 
at some location under a strobe light triggered by the vibration. To 
further illustrate this point, if a 4 ounce weight were added to a 
balanced rotor, and caused a 3.5 mils vibration at 60 degrees, 
doubling the weight to 8 ounces would increase the amplitude of 
the vibration to 7 mils, but the phase angle would remain at 60 
degrees. 

Further, if the 4-ounce weight had been moved 60 degrees 
counterclockwise, the amplitude would have remained the same, 
but the phase reference angle would have shifted 60 degrees 
clockwise to 120 degrees. 

The three fundamentals of balancing are: 

1. The amount of vibration is proportional to the amount of 
unbalance. 

2. The reference mark (phase angle) shifts in a direction oppo- 
site to a shift in the heavy spot. 

3. The angle the phase mark shifts is equal in degrees to the 
angle the heavy spot was shifted. 

The unbalance in a rotating element at the start of a balancing 
process is referred to as the original unbalance, and thus the asso- 
ciated phase angle and amplitude readings are called the original 
readings. Polar graph paper is very useful in laying out balancing 
problems. However, by using a protractor and a convenient scale 
the same results can be achieved. 

As an example, a rotor has a vibration amplitude of 3.5 mils 
at 60 degrees, and its original readings are shown in Figure 5-1. 
Note that the scale chosen is 1/2 mil per division, but any conve- 
nient scale can be used. 

The radial lines that radiate from the center represent the 
angular position, and the concentric circles are spaced 1/2 mil 
apart. This makes it convenient to visualize the problem. 

When a trial weight is added to the rotor, one of three things 
must happen: 
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3.5 Mils @ 60° 
0 




1/2 Mil per Division 



Figure 5-1. Graphical Solution with Original Vibration Plotted 



1. The trial weight could be added exactly on the heavy spot. If 
so, the vibration amplitude would increase, but the reference 
mark would remain in the same location. To balance the ro- 
tor, the trial weight would simply be moved 180 degrees and 
adjusted in mass until the rotor was balanced. 

2. The trial weight could be placed in exactly the correct posi- 
tion, 180 degrees away from the heavy spot. In this case, if 
the trial weight were smaller than the heavy spot, the vibra- 
tion amplitude would decrease, while the reference mark 
would remain fixed. Again, the mass of the trial weight 
would be altered until the rotor was balanced. However, if 
the trial weight were heavier than the heavy spot, the refer- 
ence mark would shift 180 degrees. The mass of the trial 
weight need only be reduced until a satisfactory balance was 
achieved. 
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3. Most often, the trial weight is placed neither on the heavy 
spot, nor directly opposite it. In this case the amplitude may 
go up or down, but there would be a definite change in the 
location of the reference mark. The angle and direction the 
trial weight must be moved, and the correct amount of the 
weight must be determined from a vector diagram. 

Returning to our example, a trial weight of 5 ounces is added 
and a new set of readings is obtained. In this case, the new ampli- 
tude is 5 mils and the new reference angle is 120 degrees. This is 
shown in Figure 5-2. 

In this figure, the original vector is labeled O and the run 
with the trial weight installed is labeled O + T. 

Next, a vector is drawn from the head of the O vector to the 
head of the O + T vector, and is labeled the T vector. This vector 
represents the amount of vibration due to the trial weight alone. 
The length and direction of the T vector need to be determined to 
know where to properly place the balance weight. The length of 
the T vector can be measured using the same scale as selected for 



0 




1/2 Mil per Division 



Figure 5-2. Plotting the Trial Run Vector 
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the polar graph. The length of the T vector is the vibration ampli- 
tude in mils, as a result of the trial weight alone. Next, the angle 
between the O vector and the T vector is measured using a pro- 
tractor. 

Figure 5-3 shows the T vector correctly drawn. 

With the T vector properly drawn, the length of the T vector 
is measured to be 4.4 mils. The angle a, the angle between the O 
vector and the T vector, is measured using a protractor, and found 
to be 79 degrees. With this information, we can analyze the unbal- 
ance problem. 

First, we know that the trial weight caused 4.4 mils of vibra- 
tion, and that a 5-ounce trial weight was added for the trial bal- 
ance run. We can calculate the correct amount of weight to be 
added to the rotor with the following equation: 

Correction Weight = Trial Weight x O/T (5.1) 

In this case, the correction weight = 5 x 3.5/ 4.4 = 3.977 
ounces. The amount to be added would be rounded off to 4 

0 




1/2 Mil per Division 



Figure 5-3. Plotting and Measuring the T Vector 
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ounces. Next, the exact location for the correction weight must be 
determined. Again, we will use the information obtained in our 
trial run. 

The object of the balancing process is to adjust the length of 
the T vector to equal the length of the O vector, and to adjust the 
direction of the T vector to be 180 degrees opposite of the O vector. 
The T vector can be thought of as a vector whose tail is always 
connected to the head of the O vector. Thus to make the T vector 
point exactly opposite the O vector, it must be shifted by the angle 
between the O vector and the T vector. This angle a was measured 
to be 79 degrees. 

This is the angle that the trial weight must be moved. In 
Figure 5-3, the O + T vector was at 120 degrees, while the O vector 
had been at 60 degrees. Thus the reference mark shifted from 60 
degrees to 120 degrees in a clockwise direction. Remember, the 
weight is moved opposite the reference shift direction, so the cor- 
rection weight must be added 79 degrees counterclockwise from 
the position of the trial weight. 

CAUTION: The correction weight is always shifted in an angle 
opposite in direction from the shift of the reference mark. The 
angle is measured from the location of the trial weight and not the 
reference mark. 

REMEMBER: Remove the trial weight after adding the correction 
weight. 



LAW OF SINE 

The solution to the balancing problem in the example above 
can also be solved with the trigonometric functions sine and co- 
sine. To accomplish this, the law of sine and the law of cos must 
be used. Refer to Figure 5-4. 

Note in Figure 5-4 that the side a is opposite the angle a; the 
side b is opposite the angle (3; and the side c is opposite the angle 
Y- 
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LAWS OF SIN & COS 




Figure 5-4. Relationships 


Between Angles and Sides of a Triangle 


sin a / sin (3 = a/b 


(5.2) 


sin a / sin y = a / c 


(5.3) 


sin (3 / sin a = b / a 


(5.4) 


sin (3/ sin y = b/c 


(5.5) 


sin y / sin a = c / a 


(5.6) 


sin y/sin (3 = c/b 


(5.7) 



LAW OF COSINE 

a 2 = b 2 + c 2 - 2bc cos a (5.8) 

b 2 = a 2 + c 2 - 2ac cos (3 (5.9) 

c 2 = a 2 + b 2 - 2ab cos y (5.10) 

In our example, the angle between the O vector and the O + 
T vector is (3, and the opposite side is the T vector. The angle 
between the O vector and the T vector is represented by a and the 
opposite side is the O + T vector. Finally, the angle between the O 
+ T vector and the T vector is represented by y and the opposite 
side, the O vector. This is illustrated in Figure 5-5. 

We know that (3 = 60 degrees, but we don't know anything 
about the other two angles. Also, we know a = 5 mils and c = 3.5 
mils. We need to know the angle a and the length b. The law of 




